Using the Kernel Energy Method we apply ab initio quantum mechanics to study the relative importance of weak and strong interactions (including hydrogen bonds) in the crystal structures of the title compounds TDA1 and RangDP52. Perhaps contrary to widespread belief, in these compounds the weak interaction energies, because of their large number and cooperativity, can be significant to the binding energetics of the crystal, and thus also to its other properties.
T
he topic of weak interactions (including hydrogen bonds) is of increasing general interest because in large numbers and cooperativity they can be important to molecular properties. Desiraju and Steiner (1) discuss this aspect of weak hydrogen bonds and have published a collection of structures in which these bonds participate. The understanding of these weak interactions will likely be useful in future designs of complex selforganizing structures. It has been noted that cooperativity among weak interactions allows them to contribute effectively to tighten molecular packing in crystals to an extent beyond that associated with ordinary van der Waals forces. This can affect the thermal and electronic properties of molecules, including electron mobility, and physical properties such as hardness, melting point, and crystal stability (1) (2) (3) (4) . Because it is of increasing interest to recognize the significant and sometimes subtle effects on molecular properties caused by weak interactions, we have undertaken a quantum mechanical study of their energetics in crystals of 2 molecules that may stand as examples in addition to the compounds discussed by Desiraju In the molecules to be studied the crystal structures and atomic coordinates are known (2, 3) . This information is used to obtain the atomic coordinates of the near-neighbor molecules in the crystal to which they are related by operations of space group symmetry. In particular, it is the interaction energy between neighboring molecules of the crystal that is the object of our study. We wish to calculate the interaction energy between full neighboring molecules, and having that value, to calculate the components of such interactions that are contributed by the various ''pieces'' of the molecules through their strong and weak hydrogen bonds. Thus, the relative importance of the weak and strong hydrogen bonds would be an outcome of the study.
Since the molecules to be studied may be thought of as having a variety of pieces, each contributing to the various strong and weak interactions, a natural method of quantum calculation from 1995 is that of kernel density matrices (5-7), which has evolved more recently to the Kernel Energy Method (KEM) of Quantum Crystallography (8) (9) (10) (11) (12) (13) (14) . In the KEM, the results of X-ray crystallography are combined with those of quantum mechanics. It is assumed that the crystal structure is known for a molecule under study. With known atomic coordinates, the molecule is mathematically broken into tractable pieces called kernels. Only these objects are used for quantum calculations of the interaction energies. From these, the total interaction energy is reconstructed, by summation over the contributions of the individual interactions.
The validity of the KEM, in the case of a variety of peptides (8) , proteins (9), DNA (10), and RNA structures (12) , has been shown in previous work. Of special relevance to this article, the KEM has been applied to the calculation of interaction energies between biological molecules and has been shown to be useful for that purpose (10, 11) . In this article we depend on the known ab initio accuracy of the KEM to show how it may be used to obtain strong and weak interaction energies. In the section that follows we assume the interaction energies are dominated by hydrogen bonds that we illustrate in the diagrams. But, the calculated interaction energies do not assume that the hydrogen bonds are the sole contributors to the interactions.
Results

TDA1. Calculations of interaction energies between TDA1 and its neigh-
bors. In the quantum chemical calculations we have used the experimental coordinates of the TDA1 molecule taken from its X-ray crystal structures (2) . This 50-atom molecule has near intermolecular attractions with 3 symmetry-related neighbors in the P2 1 2 1 2 1 space group. The symmetry operations for these particular molecules are: ϩx, ϩy, ϩz (1555), Ϫ1 ϩx, ϩy, ϩz (1455); 1 Ϫx, 1/2 ϩy, 3/2 Ϫz (3656); and 1/2 ϩx, 3/2 Ϫy, 2 Ϫz (4567). The molecule itself (1555) has 2 weak intramolecular interactions, N2H⅐ ⅐ ⅐ and N2H⅐ ⅐ ⅐S1 (Fig. 1). (In all figures of the article the numerical distances indicated refer to the pair of points joined by dashed lines in the figure. Typical hydrogen bond distances Յ3 Å are indicated by heavy dashed lines, distances between points Ͼ3 Å are indicated by lighter dashed lines. Thus, for example, where hydrogen bonds are pictured, the numerical distance indicated refers to the distance between atoms, e.g., in Fig. 1 , between S and H2a, not the distance between hydrogen bond donor and acceptor atoms.) The molecule also participates in one strong interaction and 4 weak interactions, N1aH⅐ ⅐ ⅐O1p, C2aaH⅐ ⅐ ⅐O2, C1baH⅐ ⅐ ⅐O1p, C1aH⅐ ⅐ ⅐O1a, and ⅐ ⅐ ⅐, with a neighboring molecule (1455), as in Fig. 2A . Additional possible hydrogen bond interactions of the molecule at 1555 are C1pH⅐ ⅐ ⅐O2pa with neighboring molecule (3656) and C1maH⅐ ⅐ ⅐O1m (4567) as shown in Fig. 2 B and C, respectively.
The interaction energy between any pair of molecules A and B is calculated according to (13) ,
where A and B are the names of the separate molecules, and AB names the combined molecule composed of A and B. Calculation of interaction energies between kernels from TDA1 (1555) and kernels from TDA1 (1455). The focus of the present calculations concerns the interaction of 1555 and 1455 by using the kernel energy method. The components of this interaction energy were calculated by dividing the separate molecules into 6 kernels according to the sketch indicated in supporting information (SI) Fig. S1 . To focus on isolated hydrogen bonds, each specific hydrogen bond donor and acceptor group is separated from the rest of their molecular environment in accordance with their representations in Fig. S2 and Fig. S3 . It is the larger interaction energies between each donor and acceptor group indicated in Fig. S2 a-e that is used, in accordance with Eq. 2, to approximate the corresponding interaction energies.
Eq. 2 is simply Eq. 1 rewritten to apply to specific interactions including hydrogen bonds associated with the case for interactions between kernels.
To saturate the bonds that have been severed, to separate the hydrogen bond donors and acceptors from the rest of the molecular environment in which they are embedded, hydrogen atoms have been used, but placed at the positions such that they do not themselves enter into hydrogen bonds.
The interaction energies representing each of the hydrogen bonds have been calculated in 2 different ways. First they were calculated according to the quantum mechanical Hartree-Fock (15, 16) method. Then the calculation on the interaction energy was repeated by using the Møller-Plesset perturbation theory MP2 (17, 18) , which is significantly more accurate than the Hartree-Fock approximation (19) . The results for the larger interaction energies between kernels 1555 and 1455 are listed in Table 2 . The largest interaction energy occurs for the ''normal'' NH⅐ ⅐ ⅐OC bond in A is molecule 1555, and B is molecule 1455, the number following A or B is the kernel number (e.g., A2-B2 means kernel 2 from 1555 and kernel 2 from 1455).
and CH⅐ ⅐ ⅐ bonds (4, 23) . A special case is shown in Fig. S2d , having 5 CH⅐ ⅐ ⅐S bonds of lengths in the range 3.1-3.9 Å. The long CH⅐ ⅐ ⅐S bonds indicate that they are each very weak, but overall they sum together to give one of the larger interaction energies.
To assess the possible importance of an assemblage of the weaker interactions between the molecules 1555 and 1455 we have separated each specific donor and acceptor group from the rest of their molecular environment in accordance with their representations in Fig. S3 a-g. The interaction energy between each donor and acceptor group indicated in Fig. S3 a-g is calculated in accordance with Eq. 2, to approximate the corresponding interaction energies. The results are listed in Table 3 . Smaller interaction energies occur for the weak CH⅐ ⅐ ⅐OC bonds in Fig. S3 a, Table 4 shows the sum of the larger and smaller interaction energies in columns 2 and 3. These are added together in column 4, and compared with the total molecular interaction in column 5. Both MP2 and HF calculations are indicated. As described in Methods of Calculation, the results obtained by the MP2 method are expected to be more accurate than those obtained by the HF method.
RangDP52. Calculations of interaction energies between RangDP52 and its
neighbors. In the quantum chemical calculations we have used the experimental coordinates of the RangDP52 molecule taken from its X-ray crystal structure (3). RangDP52 contains 54 atoms and space group P2 1 2 1 2 1 . The chemical formula of RangDP52 is identical to TDA1 except for the substitution of -CH 2 -C 6 H 4 -CH 2 by o-diphenyl; however, the folding of the 2 molecules is quite different. The molecule itself [symmetry operation ϩx, ϩy, ϩz (1555)] has one intramolecular close approach, N2H⅐ ⅐ ⅐S1 as indicated in Fig. 3 . The molecule also participates in hydrogen bonds and nonbonded contacts with neighboring molecules, symmetry operator 1/2 ϩx, Ϫ1/2 Ϫy, 2 Ϫz (4547) as in Fig. 4A ; 1/2 ϩx, 1/2 Ϫy, 2 Ϫz (4557) as in Fig.  4B ; Ϫ1/2 Ϫx, Ϫy, Ϫ1/2 ϩz (2454) as in Fig. 4C ; and Ϫx, 1/2 ϩy, 5/2 Ϫz (3557) as in Fig. 4D . The calculated interaction energies are shown in Table 5 . Table 5 shows the interaction energy between neighboring molecules according to Eq. 1. The MP2 interaction energy between molecules A (1555) and B (4547) at Ϫ24.9177 [kcal/mol] is the largest of the intermolecular interactions. In the next section we decompose this interaction in accordance with contributions of intermolecular hydrogen bonds by using the KEM.
Calculations of interaction energies between the kernels from RangDP52
(1555) and the kernels from RangDP52 (4547). The calculations in this section concern the interaction of RangDP52 at positions 1555 and 4547. The components of this interaction energy are calculated by means of the kernel energy method. For this purpose the separate molecules have been divided into 7 kernels as shown in the sketch indicated in Fig. S4 .
As before, we have separated each specific hydrogen bond donor and acceptor group from the rest of their molecular environment in accordance with their representations in Fig. S5 and Fig. S6 . The larger interaction energies between each donor and acceptor group indicated in Fig. S5 are calculated by using Eq. 2, to approximate their hydrogen bond energies. The largest interaction energy occurs for the ''normal'' NH⅐ ⅐ ⅐OC bond as shown in Fig. S5a. Fig. S5 b, e, g, and h have in each case several CH⅐ ⅐ ⅐OC bonds. Again, we have used hydrogen atoms as discussed in the previous section to separate the hydrogen bond donors and acceptors from the rest of the molecular environment in which they are embedded. The interaction energies representing each of the hydrogen bonds were calculated according to the quantum mechanical Hartree-Fock method by using Møller-Plesset perturbation theory. The results for the larger interactions between kernels 1555 and 4547 are listed in Table 6 . The possible importance of the weaker interactions between the molecules 1555 and 4547 is represented in Fig. S6 a-d . The interaction energy between each donor and acceptor group that is indicated in Fig. S6 is calculated in accordance with Eq. 2, to approximate the corresponding hydrogen bond energies, and the results are listed in Table 7 . The small interaction energies are indicative of the very weak interaction between donors and acceptors. Table 8 shows the sum of the larger and smaller interaction energies in columns 2 and 3. These are added together in column 4, and compared with the total molecular interaction in column 5. Both MP2 and HF calculations are indicated, and as previously stated, the MP2 results are expected to be more accurate than those of HF.
Discussion and Conclusions
The interaction energy between a pair of molecules (or kernels) is given by Eq. 1. Each of the energy terms in the equation contains the full molecular energy, including all contributions to the energy, such as van der Waals interactions, hydrogen bond interactions, and so on. Of course the magnitude of the interactions is represented with an accuracy characteristic of the particular chemical model used, whether Hartree-Fock or MP2. In those cases in which it may be assumed that the interactions between kernels are dominated by hydrogen bonds, they will be the principal contributors to the interaction energy of kernels as in Eq. 2. In terms of the diagrams in this article it is principally the hydrogen bonds that have been explicitly illustrated, but all of the calculated interaction energy magnitudes have the interpretation of Eq. 1. Speaking in context, one understands that the hydrogen bond interactions of Eq. 2 are an approximation to the full interactions of Eq. 1, on condition that hydrogen bonds predominate all other interkernel interactions.
We emphasize a point alluded to in the last paragraph, namely, that there is a conceptual difference between the numerical sum of all those interactions between any pair of kernels, and the diagrams we have drawn to illustrate the principal and obvious interactions associated with those kernels. Thus, one is not to conclude that the calculation decision regarding the bonds that have been illustrated is concerned with any particular cutoff length for bond effectiveness. The critical decision regarding the computations concerns what are the kernels that make up the molecules studied. From that decision follows the interaction energy between the kernels. The calculation is based on the fixed crystallographic distances between atoms, and no decisions regarding what interactions are effective within some assumed cutoff distance are to be considered. Every interaction within the purview of the quantum approximation used, i.e., whether HF or MP2, is taken into account. These interactions would include all hydrogen bonds C-H⅐ ⅐ ⅐O, N-H⅐ ⅐ ⅐S, N-H⅐ ⅐ ⅐, N-H⅐ ⅐ ⅐S, ⅐ ⅐ ⅐, and weaker van der Waals interactions, and so on. Among all such interactions we have made a decision regarding which pictorial representations to present in the figures of the article (typical hydrogen bond distances Յ3 Å are indicated by heavy dashed lines, distances between points Ͼ3 Å are indicated by lighter dashed lines), but all of the contributing interactions, strong, weak, obvious, or hidden, are accounted for automatically in the energies we have tabulated. All such numerical magnitudes of the interactions follow automatically from the quantum mechanics regardless of whether or not they are illustrated. In a similar vein, the calculations assume no restrictions whatever on the angle dependence of weak bonds. Although, it is a very interesting, and much discussed question of The RangDP52 molecules are each designated according to the space group P2 12121 and symmetry operations 1555, 4547, 4557, 2454, and 3557 associated with their position in the crystal. (MP2/6 -31G** and HF/6 -31G**).
how the weak interactions are a function of bond lengths and bond angles, the kernel energy method as used in this study does not speak to that question. Rather, KEM concerns the extraction of the quantum information available from the experimental crystal structure, as has been done here in the calculation of interaction energies. Thus, interesting questions such as, ' 'at what cutoff distance/angle is an interaction no longer of importance'' are not addressed here. This is because KEM here employs fixed crystallographic distances/angles, and not a functional dependence on the same.
A comparison of the Hartree-Fock and Møller-Plesset MP2 results in Tables 1-8 indicates that including the correlation energy is very important in obtaining good interaction energies. Not only are the magnitude of the correlation energies comparable to the interaction energies, but also, at times, the HartreeFock results for the interactions are of the wrong sign, indicating repulsion instead of attraction.
If we focus attention solely on the MP2 calculations we obtain the main result of this article. The relative importance of the weak interactions to the binding between the neighboring molecules studied is significant. And, the larger the number ratio of weak to strong interactions, the stronger is the significance of the contribution of weak interactions. In TDA1 the stronger interactions represent Ϸ67% of the interaction energy. In RangDP52 the stronger interactions deliver Ϸ90% of the interaction. In the latter case there are many fewer weak interactions, but they still represent a noticeable portion of the interaction.
For both molecules TDA1 and RangDP52, we have calculated the total interaction between the molecules and their neighbors (whose positions are designated by their operations of space group symmetry). After breaking these complete molecules into kernels and calculating the interaction energies between kernels, it may be seen that the interaction energies, larger and smaller, sum to almost the total interaction energies. Thus, it is well established that the weak interactions are relatively significant. If the accuracy of these calculations were to be improved by using larger basis sets, or a higher order of perturbation theory, or a higher order of interactions among kernels (24) the detailed numerical values of the energies may be expected to change. Also, the results may be improved by accounting for basis set superposition error (BSSE) (25, 26) . We have developed a formalism suitable to the KEM for this, but the overall qualitative conclusion obtained by the calculations here would be expected to remain the same. That is to say, in these molecules weak interactions are relatively significant between neighboring molecules in the crystals.
We mention also that the KEM seems to be ideally suited to the study of interactions, in general, and weak interactions, in particular. Breaking a molecule into its parts called kernels is inherent to the method, and focusing on the interactions between the kernels is a ready spinoff from the calculations. Further study of weak interactions by means of the KEM may likely draw increased attention from designers of self-assembled molecules wherein these interactions may well be important, including protein folding, and in attempts to better understand thermal, electrical, and mechanical properties of crystals similar to those studied here.
Methods of Calculation
We calculated the interaction energies representing each of the hydrogen bonds in 2 different ways. First, we calculated them according to the quantum mechanical Hartree-Fock (HF) (15, 16) self-consistent field (SCF) method. For molecular calculations, the Hartree-Fock model is one of the most frequently used ab initio quantum chemistry methods. The calculations here were implemented by using the analytical basis functions of type 6 -31G** (27, 28) . This basis set contains polarization functions (29) for third row atoms, so it is large enough to yield reliable properties for the S atom. The Hartree-Fock wave function is a Slater determinant of orthonormal molecular orbitals whose molecular energy is a minimum with respect to variation of the orbitals. From this extremum condition the Hartree-Fock equations follow. The Hartree-Fock Hamiltonian is a function of its own orbital solutions and for this reason the Hartree-Fock equations must be solved self-consistently. The equations are somewhat complicated by containing a potential that is nonlocal. The energy error that is inherent to the independent particle Hartree-Fock equations is called the correlation energy error, which in absolute terms is quite small, although it is nonetheless important. The Hartree-Fock results are listed in Tables 1-8 . An interaction energy calculation that is significantly more accurate than those of the Hartree-Fock results may be obtained by using Møller-Plesset perturbation theory (17, 18) . In this method one takes the unperturbed molecular problem to be the SCF Hartree-Fock model. As is commonly done in perturbation theory, one then takes the wave function and energy developed in a power series in a perturbation parameter whose variation, within the range 0 to 1, connects the independent particle HF model to the fully correlated system. The power series is truncated at various levels of accuracy, termed MP2 at second order, MP3 at third order, and so on. Møller-Plesset perturbation theory is a very useful way to go beyond the Hartree-Fock model, and thus include correlation effects in the calculation of molecular energy. We have used MP2 and 6 -31G** to calculate the interaction energies that represent the hydrogen bonds in Figs. 1-4 and Figs. S1-S6. The interaction energy results from the MP2 calculations are listed in Tables 1-8. All of the energy calculations of this article were implemented by using the standard procedures of the computer program Gaussian 03 (30). Table 6 . Larger interaction energies (kcal/mol) between 1555 kernel groups and 4547 kernel groups (MP2/6 -31G** and HF/6 -31G**) A3 
